Rindler TN, Dostanic I, Lasko VM, Nieman ML, Neumann JC, Lorenz JN, Lingrel JB. Knockout of the Na,K-ATPase ␣2-isoform in the cardiovascular system does not alter basal blood pressure but prevents ACTH-induced hypertension. Am J Physiol Heart Circ Physiol 301: H1396 -H1404, 2011. First published August 19, 2011 doi:10.1152/ajpheart.00121.2011.-The ␣2-isoform of Na,K-ATPase (␣2) is thought to play a role in blood pressure regulation, but the specific cell type(s) involved have not been identified. Therefore, it is important to study the role of the ␣2 in individual cell types in the cardiovascular system. The present study demonstrates the role of vascular smooth muscle ␣2 in the regulation of cardiovascular hemodynamics. To accomplish this, we developed a mouse model utilizing the Cre/LoxP system to generate a cell type-specific knockout of the ␣2 in vascular smooth muscle cells using the SM22␣ Cre. We achieved a 90% reduction in the ␣2-expression in heart and vascular smooth muscle in the knockout mice. Interestingly, tail-cuff blood pressure analysis reveals that basal systolic blood pressure is unaffected by the knockout of ␣2 in the knockout mice. However, knockout mice do fail to develop ACTH-induced hypertension, as seen in wild-type mice, following 5 days of treatment with ACTH (Cortrosyn; wild type ϭ 119.0 Ϯ 6.8 mmHg; knockout ϭ 103.0 Ϯ 2.0 mmHg). These results demonstrate that ␣2-expression in heart and vascular smooth muscle is not essential for regulation of basal systolic blood pressure, but ␣2 is critical for blood pressure regulation under chronic stress such as ACTH-induced hypertension. adrenocorticotropic hormone; ouabain Na,K-ATPase IS AN INTEGRAL membrane protein composed of two essential subunits, ␣ and ␤ (29). There are four known isoforms of the catalytic ␣-subunit (␣ 1 , ␣ 2 , ␣ 3 , and ␣ 4 ), and each isoform displays a unique tissue distribution and expression pattern suggesting a tissue specific role for the ␣-subunits (17, 18). The ␣-subunits contain the highly conserved cardiac glycoside binding site, and in most species, all four ␣-isoforms are sensitive to inhibition by cardiac glycosides including ouabain. However, the ␣ 1 -isoform in mice and rats has a low affinity for cardiac glycosides and is therefore resistant to inhibition by these compounds (10, 23, 29, 30) .
resulting in positive cardiac and smooth muscle cell inotropy. The inotropy, subsequently, increases the force of cardiac myocyte and vascular smooth muscle cell contractility leading to an increase in mean arterial blood pressure (MAP) due to increased cardiac output and total peripheral resistance (5, 6, 17) .
In a previous study (17) investigating the role of the ␣ 2 -isoform of Na,K-ATPase (␣ 2 ) in vivo, we generated a global genetic knockout of one copy of ␣ 2 (␣ 2 ϩ/Ϫ ). Zhang et al. (35) subsequently reported that these ␣ 2 ϩ/Ϫ mice exhibit an increase in their systolic blood pressure (SBP) under basal conditions, characteristic of hypertension. Interestingly, in cardiac myocytes and vascular smooth muscle, ␣ 2 represents the minor isoform of Na,K-ATPase, with an ␣ 1 :␣ 2 expression ratio of ϳ2.3:1 (28). Furthermore, current generated by ␣ 2 accounts for only ϳ20% of total current generated by Na,K-ATPase, indicating that ␣ 2 is also the minor functional isoform of Na,K-ATPase expressed in the cardiovascular system (3, 14) . Although ␣ 2 is a minor isoform of Na,K-ATPase expressed in the cardiovascular system, it is a critical regulator of blood pressure.
The objective of the present study was to examine which cell type(s) expressing the ␣ 2 are involved in the regulation of blood pressure. We hypothesized that ␣ 2 -expression in cardiac myocytes and vascular smooth muscle is responsible for blood pressure regulation. To test this hypothesis, a cell type-specific knockout of ␣ 2 in both cardiac myocytes and vascular smooth muscle was developed utilizing the Cre/loxP system. The SM22␣ Cre was utilized, which has been shown to drive efficient somatic recombination between loxP sites, approaching 100% recombination in aorta, with recombination also detected in cardiac myocytes early in heart development (12, 20) .
MATERIALS AND METHODS
Generation of the floxed ␣2-isoform of the Na,K-ATPase. A targeting construct was developed in which a 5=-loxP site was introduced in the promoter region of the ␣ 2-locus 1,970-bp upstream of the transcriptional start site at the EcoRI restriction site. The insertion of the 5=-loxP site also introduced a BglII restriction site, which is utilized to screen for incorporation of the loxP site by Southern blot analysis. A 3=-neomycin cassette flanked by loxP sites (Flox-Neo) was introduced 100-bp downstream of exon 1, in the first intron of the ␣ 2-locus, at the SpeI restriction site. The Flox-Neo cassette contains an EcoRI restriction site, which is utilized to screen for the incorporation of the cassette by Southern blot analysis. The targeting construct also contained a thymidine kinase cassette to allow for negative selection of embryonic stem (ES) cell clones. The targeting construct was transfected into ES cells by electroporation. Successful homologous recombination between the targeting construct and the wild-type allele was determined by Southern blot analysis. The 5=-and 3=-probes utilized in the Southern blot analysis were generated by PCR and are depicted in Fig. 1A . The positive ES cell clones were transiently transfected with Cre-recombinase to excise the neomycin cassette resulting in ES cell clones with three possible outcomes 1) complete excision of the locus, 2) excision of exon 1 (leaving the Neo cassette), or 3) the excision of the Neo cassette alone. A clone positive for the excision of the Neo cassette was identified by Southern blot analysis and was injected into blastocysts to generate chimeric mice. Chimeric mice were bred to black Swiss female mice to generate heterozygous ␣ 2 WT/Flox mice. Homozygous floxed (␣2 Flox/Flox ) mice were generated by heterozygous mating. Genotyping was determined through allelespecific PCR of DNA isolated from tail biopsies to detect the ␣2 5=-loxP site using forward primer P1 (5=-GGGCAGGTAGGCGCT-GACCCT-3=) and reverse primer P4 (5=-AGTCCTAAGGTGC-CCGCTGGC-3=). All experiments were approved by the University of Cincinnati Institutional Animal Care and Use Committee.
Generation of smooth muscle ␣2-isoform of the Na,K-ATPase knockout mice. ␣2
Flox/Flox mice were mated to heterozygous SM22␣ Cre animals (Jackson Laboratory, Bar Harbor, ME) to generate the cell type-specific knockout of the ␣2 in smooth muscle (␣2 Flox/Flox Creϩ). Genotyping was determined through allele-specific PCR to detect the ␣2 5=-loxP site using forward primer P1 and reverse primer P4 (described above), and recombination between the 5= and 3=-loxP sites was detected with the forward primer P1 and reverse primer Recomb (5=-CCTGTACTCTTGGGCTAAGGACC-3), and Cre transgene using forward primer (5=-ACCGGTCGATGCAACGAGTG-3=) and reverse primer (5=-GAACCTGGTCGAAATCAGTG-3=).
Whole tissue preparation. Whole (brain and kidney) or pooled (aorta) tissues were homogenized on ice in 400 l to 1.5 ml, depending on the tissue, of radioimmunoprecipitation assay buffer (150 mM NaCl, 10 mM Tris, 5 mM EDTA pH 7.4, 0.1% SDS, 1% Nadeoxycholate, and 1% Triton-X) containing 1:100 protease and phosphatase inhibitor cocktails (Sigma-Aldrich, St. Louis, MO) for two 1-min bursts of a Polytron homogenizer. Following homogenization, samples were incubated on ice for 1 h and then centrifuged at Ͻ8,000 rpm to remove particulate matter. Protein containing supernatant was removed and stored at Ϫ80°C. Protein concentration was determined with the BCA protein assay kit (Thermo Scientific, Rockford, IL).
Crude microsomal preparations. Microsomal preparations were performed as previously described (8) . Briefly, whole hearts were homogenized on ice in 2 ml homogenization buffer (250 mM sucrose, 30 mM imidazole, and 1 mM EDTA) containing 1:100 protease and Fig. 1 . Generation of the tissue specific knockout of the ␣2-isoform of the Na,K-ATPase. A: Cre/LoxP targeting strategy. i: Restriction map depicting the endogenous locus of the wild-type ␣2 allele. ii: Targeting construct for the ␣2 allele with the 5=-loxP (black triangles) and 3=-neomycin (Neo) and a thymidine kinase cassette (TK) downstream. iii: Schematic of the targeted ␣2-allele following successful homologous recombination with the targeting construct. iv: Schematic of the targeted ␣2 allele following transient Cre expression. v: Schematic of the deleted ␣2-allele following the tissue specific expression of the SM22␣ Cre. B: Southern blot analysis of the 5=-loxP site following BglII restriction digests. C: Southern blot analysis of the 3=-loxP site following SpeI restriction digests. D: Genotyping of DNA isolated from tail biopsies. E: Genotyping of DNA isolated from aortas to screen for recombination between the 5= and 3= loxP sites. ES, embryonic stem cells.
phosphatase inhibitor cocktails (Sigma-Aldrich) for two 1-min bursts of a Polytron homogenizer. Homogenates were then centrifuged at 5,000 rpm to remove particulate matter. The supernatant was collected and ultracentrifuged at 200,000 g for 1 h. Following ultracentrifugation, the pellet was resuspended in resuspension buffer (1 mM imidazole and 1 mM EDTA pH 7.5) containing 1:100 protease and phosphatase inhibitor cocktails (Sigma-Aldrich) using a Douncehomogenizer and stored at Ϫ80°C. Protein concentration was determined with the BCA protein assay kit (Thermo Scientific).
Western blot analysis. Western blot analysis was performed by standard methods as previously described (8) . Briefly, protein samples were incubated in Laemmli loading buffer (125 mM Tris pH 6.8, 6% SDS, 20% glycerol, 10% ␤-mercaptoethanol, and 0.1% bromophenal blue) for 30 min at 37°C and separated by electrophoresis in 8% polyacrylamide gels. The separated proteins were transferred to polyvinylidene fluoride membranes and blocked in 5% nonfat dry milk in TBST (150 mM Tris pH 7.4, 100 mM NaCl, and 0.05% Tween 20) at room temperature for 1 h. The blots were incubated in 5% nonfat dry milk in TBST containing primary antibodies overnight at 4°C as follows: ␣ 1-isoform monoclonal antibody (1:2,000; ␣6F; Ref. 31 ; University of Iowa Developmental Studies Hybrid Bank, Iowa City, IA), ␣ 2-polyclonal antibody (1:500; HERED, Dr. Pressley; Ref. 25) , and NCX monoclonal antibody (1:1,000; MA3-926; Thermo Scientific). The membranes were incubated in 5% nonfat dry milk in TBST containing 1:10,000 peroxidase-conjugated secondary antibodies (Calbiochem, San Diego, CA) at room temperature for 1 h. The membranes were developed with SuperSignal West Pico Chemiluminescent Substrate kit (Thermo Scientific), and immunoreactivity was visualized using HyBlot CL autoradiography film (Denville Scientific, Metuchen, NJ). Equal protein loading was confirmed by reprobing the membranes for GAPDH for whole tissue preparations or calsequestrin for microsomal preparations. In brief, membranes were blocked in 5% nonfat dry milk in TBST at room temperature for 1 h and incubated with primary antibody in 5% nonfat dry milk in TBST at room temperature for 1 h as follows: GAPDH polyclonal antibody (1:6,000; 14C10; Cell Signaling Technology, Beverly, MA) and calsequestrin polyclonal antibody (1:2,000; PA1-913; Thermo Scientific). Secondary antibodies and immunoreactivity visualization were performed as described above. Signal intensities were quantitated by densitometry using ImageQuant Software 5.1 (Molecular Dynamics, Sunnyvale, CA).
Cardiac myocyte isolation. Ventricular myocytes were isolated from adult mouse hearts as previously described (1) . Briefly, hearts were mounted in a Langendorff apparatus and perfused for 5 min at 37°C with a modified Krebs-Henseleit buffer solution (113 mM NaCl, 4.7 mM KCl, 0.6 mM KH2PO4, 0.6 mM Na2HPO4, 1.2 mM MgSO4-7H2O, 12 mM NaHCO3, 10 mM KHCO3, 10 mM HEPES, 30 mM taurine, 10 mM 2,3-butanedione monoxime, and 5.5 mM glucose pH 7.46). The perfusion buffer was then changed to a buffer containing 5 mg Liberase DL (Roche Applied Science, Indianapolis, IN) and 0.14 mg/ml trypsin (Thermo Scientific). Following 15-20 min of perfusion, the ventricles were dissected and dispersed by gentle pipetting. Isolated cardiomyocytes were sieved to remove cell debris, and myocytes were allowed to sediment for 10 min. Isolated cardiac myocytes were visually inspected under a ϫ20 objective to ensure purity of myocytes; preparations were accepted as highly enriched if 75-80% of the viable cells were beating cardiac myocytes. The pelleted myocytes were then resuspended in 1 ml TriReagent (Molecular Research Center, Cincinnati, OH), and total RNA was isolated according to the manufacturer's recommendations.
Real-time PCR analysis. Real-time PCR analysis was performed as previously described (26) . Briefly, first strand cDNA was synthesized from 2.5 g of total RNA using the SuperScript III first-stand synthesis system for RT-PCR (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations for use with random hexamer primers. Real-time PCR reactions were performed in triplicate using the ABsolute Blue QPCR SYBR Green fluorescein mix (Thermo Scientific) with ␣2-specific primers (forward 5=-GCTACCCTGTT-GCTCAGACTG-3= and reverse 5=-GGCAGCAGGCGAGTACT-CACG-3=) and GAPDH-specific primers (forward 5=-TGACCA-CAGTCCATGCCATC-3= and reverse 5=-GACGGACACATTGGGGG-TAG-3=). The relative amount of the ␣2-mRNA was normalized to GAPDH.
Blood pressure analysis. Tail-cuff measurements of SBP were obtained using the CODA-8 System (Kent Scientific, Torrington, CT) computerized apparatus, as described previously (7). In brief, mice were acclimated to the system for 5 consecutive days immediately followed by 8 days of baseline measurements and 5 days of drug treatment measurements when applicable. Daily blood pressure measurements consisted of 5 acclimation readings followed immediately by 15 SBP measurements, with little time elapse between readings. Data recordings were accepted when SBP was determined by the computer in Ն7 of the 15 measurements and was between 80 and 200 mmHg.
Administration of saline and ACTH. Mice were administered saline or 375 ng/g body wt Cortrosyn (Amphastar Pharmaceuticals, Rancho Cucamonga, CA), a synthetic peptide of ACTH, every 12 h by subcutaneous injection for 5 days. Tail-cuff measurements of SBP were obtained daily 3 h after administration of the AM dose.
Ouabain administration. As previously described, mice were administered 300 ng/g body wt ouabain (Sigma-Aldrich) or vehicle (saline), every 24 h by intraperitoneal injection for 3 days (9). Tail-cuff measurements of SBP were obtained daily 3 h after administration of the dose.
Cardiovascular performance. Cardiovascular measurements were performed in closed-chest mice as previously described (8) . Briefly, adult mice were anesthetized with an intraperitoneal injection of 50 g/g body wt ketamine and 100 g/g body wt thiobutabarbital (Inactin; Research Biochemical International, Natick, MA). To monitor cardiac performance, a SciSense pressure catheter (SciSense, London, ON, Canada) was advanced into the left ventricle through the right carotid artery. The right femoral artery and vein were cannulated for blood pressure measurements and infusion of drugs. Pressure tracings were recorded and analyzed using PowerLab 4/s and Chart software (ADInstruments, Colorado Springs, CO). Values for heart rate, blood pressure, and left ventricular pressure were measured before and 3 min after intravenous infusion of dobutamine (2, 8 , and 32 ng·g body wt Ϫ1 ·min Ϫ1 ) or ouabain (2.5 g·g body wt Ϫ1 ·min Ϫ1 ). The maximum rate of cardiac contraction (dP/dtmax) and the rate of cardiac contraction at 40 mmHg (dP/dt40) before and after infusion were calculated from the first derivative of the pressure waveforms.
Regional blood flow and vascular resistance. Regional blood flow and vascular resistance were performed in anesthetized mice as previously described (24) . Briefly, adult mice were anesthetized as before, and the femoral artery and vein were cannulated. For carotid blood flow measurements, the right carotid artery was isolated and fitted with a 0.5-PSB perivascular flow probe connected to a TS420 flowmeter (Transonic Systems, Ithaca, NY). Values for blood pressure and carotid blood flow (CBF) were measured before and 5 min after intravenous infusion of phenylephrine (10, 40 , and 80 ng·g body wt Ϫ1 ·min Ϫ1 ) and nitro-L-arginine methyl ester (L-NAME; 50 g·g body wt Ϫ1 ·min Ϫ1 ). Carotid vascular resistance (CVR) was calculated by dividing MAP by mean CBF.
Statistical analysis. Data are presented as average Ϯ SE, with statistical analysis performed using SigmaStat 3.5 (Systat Software, San Jose, CA). Student t-tests were performed to compare experimental groups (see Figs. 2-3, 7 and Tables 1-2) . Two-way ANOVAs for time and treatment with repeated measurements were performed to compare experimental groups (see Figs. 4 -6 ). Differences were considered significant at P Ͻ 0.05.
RESULTS
Characterization of the floxed ␣ 2 -isoform of the Na,KATPase mice. To obtain Cre mediated recombination and deletion of ␣ 2 , the first exon containing the transcriptional start site was flanked by loxP sites utilizing the targeting construct depicted in Fig. 1A . Hundreds of ES cell clones were screened by Southern blot analysis to identify heterozygous ES cell clones incorporating the 5=-loxP site. The representative Southern blot shown in Fig. 1B identifies a 987-bp targeted allele in clones 9, 13, and 21. The positive ES cell clones were further analyzed by Southern blot analysis for incorporation of the 3= Flox-Neo cassette, and a 2.6-kb targeted allele was identified in clones 9, 13, and 21 (Fig. 1C) ). The genotypes of the mice were identified by PCR, which identifies a 215-bp wild-type fragment, a 265-bp flox fragment, and 395-bp Cre fragment (Fig. 1D) . To confirm that recombination between the 5=-and 3=-loxP sites occurs in the vascular smooth muscle of the ␣ 2 Flox/Flox Cre ϩ mice, genomic DNA was isolated from aortas and screened for recombination by PCR. A 425-bp recombination fragment was identified in the aorta (Fig. 1E) , indicating the presence of recombination in vascular smooth muscle. In addition, a 265-bp floxed fragment was identified in the aorta resulting from the heterogeneous composition of the tissue, which is composed of vascular smooth muscle, endothelial cells, and connective tissue.
Expression of the ␣ 2 -isoform of the Na,K-ATPase is reduced in the heart and vascular smooth muscle. SM22␣ Cre is highly expressed in vascular smooth muscle, with expression also reported in cardiac myocytes early in heart development (12, 20) . Therefore, Southern and Western blot analyses were performed to examine the tissue-specific expression of ␣ 2 in the ␣ 2 Flox/Flox Cre ϩ (knockout) compared with the ␣ 2
Flox/Flox
Cre Ϫ (control) mice. Southern blot analysis on tissue isolated from knockout mice reveals that recombination between the 5=-and 3=-loxP sites is specific to smooth muscle rich tissues including the aorta, bladder, and uterus. However, recombination was also detected in the heart (data not shown). These results are consistent with previous reports (20) demonstrating high expression of the SM22␣ Cre in smooth muscle of large conduit vessels, as well as resistant vessels, and also in cardiac myocytes early in heart development.
Representative immunoblots and relative expression levels for ␣ 1 -and ␣ 2 -isoforms of the Na,K-ATPase and NCX are shown in Fig. 2 . In the aorta, the abundance of ␣ 2 is significantly reduced by 90% in the knockout (P Ͻ 0.005; Fig. 2A ). The primary cell type in the aorta is vascular smooth muscle (34); therefore, the reduced expression of ␣ 2 in the aorta results from the knockout of ␣ 2 in vascular smooth muscle. In addition in the aorta, no significant changes were observed in expression of ␣ 1 or NCX in the knockout (Fig. 2A) . Similarly, the abundance of ␣ 2 in heart microsomes is significantly reduced by 90% in the knockout (P Ͻ 0.005; Fig. 2B ). In addition, expression of ␣ 1 in heart microsomes is significantly upregu- Fig. 2 . Expression profile of the ␣1-and ␣2-isoforms of the Na,K-ATPase and Na/Ca exchanger (NCX) in the smooth muscle knockout. Representative immunoblots and relative protein expression of ␣1, ␣2, NCX, and GAPDH or calsequestrin (CSQ) in the aorta (A), heart microsomes (B), brain (C), and kidney (D). Relative protein expression is determined by densitometry and normalized to the abundance of GAPDH or calsequestrin. Data represent an arbitrary ratio of the protein expression in knockout mice compared with expression in control mice and are displayed as the percent remaining. Data were obtained from 3 independent experiments and are displayed as average percent remaining Ϯ SE; n ϭ 3. *P Ͻ 0.005 and #P Ͻ 0.05, statistical difference. lated by 40% in the knockout (P Ͻ 0.05; Fig. 2B ). This is consistent with a previous report (17) in which ␣ 2 -heterozygous knockout mice exhibit a compensatory upregulation of ␣ 1 in the heart. Additionally, no significant change was observed in expression of NCX in heart microsomes (Fig. 2B) . Finally, no significant changes were observed in the abundance of ␣ 1 or ␣ 2 in the brain (Fig. 2C ) or in the abundance of ␣ 1 in the kidney of the knockout mice (Fig. 2D ). These results demonstrate that we have generated a significant reduction in the expression of ␣ 2 in heart and vascular smooth muscle and that this reduction is specific to these cell types in the cardiovascular system.
Expression of the ␣ 2 -isoform of the Na,K-ATPase is reduced in isolated cardiomyocytes.
To determine if the reduced expression of ␣ 2 observed in heart microsomes results from leaky expression of the SM22␣ Cre in cardiac myocytes, we performed real-time PCR analysis on isolated cardiomyocytes. The cardiac myocyte preparations were highly enriched for cardiac myocytes, with little or no smooth muscle cell contamination. To visualize mRNA expression of ␣ 2 in cardiac myocyte preparations, qualitative PCR analysis was utilized as shown in Fig. 3A . This reveals very low expression of ␣ 2 in the knockout cardiac myocyte preparations. In addition, quantitative real-time PCR analysis demonstrates that mRNA expression of ␣ 2 is significantly reduced by 60% in the knockout cardiac myocytes (P ϭ 0.002; Fig. 3B ). These results demonstrate that reduced expression of ␣ 2 in heart microsomes is due to the combined reduction of ␣ 2 expression in cardiac myocytes and vascular smooth muscle, further confirming the specific reduction of ␣ 2 expression in these cell types of the cardiovascular system (as demonstrated in Fig. 2) .
Mice with the cardiovascular knockout of the ␣ 2 -isoform of the Na,K-ATPase develop mild hypertrophy. Morphometric analysis of heart, kidney, and body weight was performed on male and female mice at 4 and 8 mo of age (Table 1 ). There were no significant differences in the heart-to-body or kidneyto-body weight ratio in knockout compared with control mice at 4 mo of age. However, there was a slight but significant (P Ͻ 0.04) increase in the heart-to-body weight ratio in knockout compared with control mice at 8 mo of age, without any changes in the kidney-to-body weight ratio. The slight increase in the heart-to-body weight ratio in the knockout mice at 8 mo of age would indicate the development of a mild hypertrophy; therefore, in all further studies mice were used at 3-6 mo of age before the development of hypertrophy.
Cardiovascular knockout of the ␣ 2 -isoform of the Na,KATPase does not alter basal blood pressure in mice. Blood pressure was analyzed in conscious resting mice by the tailcuff method to discern if the cardiovascular-specific knockout of the ␣ 2 in cardiac myocytes and vascular smooth muscle is required for the regulation of basal blood pressure. There were no significant differences in basal SBP measurements in female control vs. knockout mice, or in male control vs. knockout mice, as shown in Table 2 . Furthermore, there were no significant differences in basal SBP measurements between male and female mice. These results indicated that the cardiovascularspecific knockout of the ␣ 2 in cardiac myocytes and vascular smooth muscle does not participate in the regulation of basal blood pressure in either male or female mice; in all additional studies of blood pressure only female mice were utilized.
Knockout of the ␣ 2 -isoform of the Na,K-ATPase in cardiac myocytes does not alter basal cardiac function. Cardiac performance was analyzed in intact anesthetized closed chest mice and results are shown in Fig. 4 . Under basal conditions there Fig. 3 . mRNA expression of the ␣2 isoform of the Na,K-ATPase in isolated cardiac myocytes. A: representative qualitative PCR gel from isolated cardiac myocytes using the real-time ␣2 and GAPDH primers. B: quantitative real-time PCR analysis of mRNA expression of ␣2 in isolated cardiac myocytes normalized to GAPDH expression. Data represent an arbitrary ratio of mRNA expression of ␣2 in knockout mice to that expressed in control mice from two independent experiments. Bars represent means Ϯ SE; n ϭ 3. *P ϭ 0.002, statistical difference. Values are means Ϯ SE; n ϭ 5 for 4-mo control, n ϭ 8 for 4-mo knockout, and n ϭ 13 for 8 mo. *P Ͻ 0.04. Values are means Ϯ SE; n ϭ 8 for female control, male control, and male knockout and n ϭ 7 for female knockout. SBP, systolic blood pressure.
were no significant differences in heart rate ( Fig. 4A) , MAP (Fig. 4B) , dP/dt max (Fig. 4C) , or dP/dt 40 (Fig. 4D ) in knockout mice. There was also no significant difference in the ability of knockout hearts to maximally contract in response to ␤-adrenergic stimulation with dobutamine (Fig. 4, A-D) . Thus the cardiovascular-specific knockout of the ␣ 2 in cardiac myocytes and vascular smooth muscle does not alter basal cardiac performance.
Vascular smooth muscle knockout of the ␣ 2 -isoform of the Na,K-ATPase does not alter basal vascular function.
To determine the effect of the cardiovascular knockout of the ␣ 2 on vascular function, blood flow and vascular resistance were determined in the carotid artery as a representative of vascular function (Fig. 5) . Under basal conditions there were no significant differences in MAP (Fig. 5A), CBF (Fig. 5B) , and CVR (Fig. 5C ) in the knockout mice. There was also no significant Fig. 4 . Basal cardiovascular performance. Heart rate (A), mean arterial pressure (MAP; B) , maximum rate of cardiac contraction (dP/dtmax; C), and rate of cardiac contraction at 40 mmHg (dP/dt40; D) were determined in anesthetized control (n ϭ 8) and knockout (n ϭ 6) mice using a pressure transducer advanced into the left ventricle. Measurements were collected at baseline (0) and in response to an increasing dose of dobutamine. Values represent means Ϯ SE. (CBF; B) , and carotid vascular resistance (CVR; C) were determined in anesthetized control (n ϭ 6) and knockout (n ϭ 8) mice using a flow probe fitted to the right carotid artery. Measurements were collected at baseline (0) and in response to an increasing dose of phenylephrine. CVR was also determined in response to nitro-L-arginine methyl ester (L-NAME; D). Values represent means Ϯ SE. difference in the ability of knockout vascular smooth muscle to maximally contract in response to the ␣-adrenergic receptor agonist phenylephrine (Fig. 5, A-C) . To ensure proper endothelial function, mice were treated with L-NAME, a nitric oxidase synthase inhibitor. There was no significant difference in CVR in the knockout in response to L-NAME treatment (Fig. 5D) , indicating proper endothelial function in the vasculature of knockout mice. Therefore, the cardiovascular-specific knockout of the ␣ 2 in cardiac myocytes and vascular smooth muscle does not affect carotid vascular smooth muscle cell contractility or endothelial function, implying that there are not any vascular abnormalities in the knockout mice.
Mice with the cardiovascular knockout of the ␣ 2 -isoform of the Na,K-ATPase do not develop ACTH-induced hypertension. Since the cardiovascular-specific knockout of ␣ 2 in cardiac myocytes and vascular smooth muscle resulted in no significant differences in basal cardiovascular hemodynamics as determined by basal SBP, cardiac performance, and carotid vascular resistance, we next determined if ␣ 2 regulates SBP in response to ACTH-induced hypertension. Administration of ACTH induces hypertension that is associated with an increase in circulating plasma endogenous cardiac glycosides and has been shown to be dependent on the cardiac glycoside binding site of the ␣ 2 (11, 24) . Therefore, we assessed the effect of ACTH on SBP in control and knockout mice utilizing the tail-cuff method, since we previously reported a similar elevation of SBP in response to ACTH with both the tail-cuff method and telemetry (11, 24) .
As shown in Fig. 6 , before ACTH treatment, there was no significant difference in SBP between control and knockout mice, consistent with the data in Table 2 . Vehicle control (sc saline injection ) had no effect on SBP throughout the 5 days of treatment. In control mice, SBP increased significantly from 102.6 Ϯ 2.5 to 117.6 Ϯ 4.9 mmHg (P Ͻ 0.05) within 2 days of ACTH treatment, and pressure remained elevated throughout the course of treatment. In contrast, SBP did not increase in the knockout mice in response to ACTH treatment. These results indicate that ␣ 2 -expression in cardiac myocytes and vascular smooth muscle is involved in the modulation of SBP in response to stress, such as ACTH-induced hypertension.
Mice with the cardiovascular knockout of the ␣ 2 -isoform of the Na,K-ATPase do not develop ouabain-induced hypertension. Cardiovascular knockout animals fail to develop ACTH-induced hypertension in response to increased plasma endogenous cardiac glycosides, consistent with the hypothesis that ACTH elicits an increase in endogenous cardiotonic steroids. Therefore, we assessed the effect of exogenous ouabain on the cardiovascular ␣ 2 -knockout mice, which has been shown to induce hypertension that is dependent on the cardiac glycoside binding site of the ␣ 2 (9) .
As shown in Fig. 7A , there was no significant difference in SBP between control and knockout mice at baseline, consistent with the data in Table 2 . Vehicle control (ip saline injection) had no effect on SBP. In control mice, SBP significantly increased from 100.9 Ϯ 1.9 to 109.4 Ϯ 1.9 mmHg (P ϭ 0.02) following 3 days of chronic ouabain treatment. In contrast, the SBP was not elevated in the cardiovascular knockout mice in response to ouabain treatment. In addition, acute ouabain treatment resulted in a significant elevation of MAP in the control mice (68.4 Ϯ 4.1 to 84.4 Ϯ 5.6 mmHg), with no elevation of MAP observed in the cardiovascular knockout mice (76.9 Ϯ 3.5 to 78.9 Ϯ 5.8 mmHg; Fig. 7B ). These results indicate that ␣ 2 -expression in cardiac myocytes and vascular smooth muscle is involved in the regulation of SBP in response to ouabain. These results are consistent with the ACTH data in Fig. 6 , suggesting that the interaction of an endogenous ouabain with the ␣ 2 expressed in cardiac myocytes and vascu- Fig. 7 . Cardiovascular knockout mice fail to develop ouabain-induced hypertension. A: SBP was measured by the tail-cuff method in 3-to 6-mo-old female mice following chronic ouabain (control n ϭ 4; knockout n ϭ 5) or saline (control n ϭ 4; knockout n ϭ 5) treatment. Baseline measurement is the average of 3 consecutive days of basal SBP measurements, and treatment measurement is the average of 3 consecutive days of ouabain or saline treatment. B: MAP was determined in anesthetized control (n ϭ 6) and knockout (n ϭ 6) mice using a pressure transducer advanced into the left ventricle. Measurements were collected at baseline and in response to a ouabain bolus. Values represents means Ϯ SE. #P ϭ 0.02 and *P ϭ 0.04, statistical differences. Fig. 6 . Cardiovascular knockout mice fail to develop ACTH-induced hypertension. Systolic blood pressure (SBP) was measured by the tail-cuff method in 3-to 6-mo-old female mice following ACTH treatment (control n ϭ 6; knockout n ϭ 8) or saline (control n ϭ 6; knockout n ϭ 9). Baseline (BS) measurement is the average of 8 consecutive days of basal SBP measurements, followed by 5 consecutive days of ACTH or saline treatment. Values represent means Ϯ SE. *P Ͻ 0.05 and #P Ͻ 0.05, statistical difference compared with the corresponding ACTH knockout and saline control, respectively. lar smooth muscle is required for modulation of SBP in response to a chronic stress.
DISCUSSION
The present study demonstrates the tissue-specific deletion of the ␣ 2 -isoform of the Na,K-ATPase in cardiac myocytes and vascular smooth muscle cells in mice using the Cre/loxP system. From quantitative Western blot analysis on isolated aortas obtained from the smooth muscle knockout mice, we estimated an ϳ90% reduction in expression of ␣ 2 in the aortic vascular smooth muscle. Any remaining ␣ 2 expressed in aorta is likely due to the presence of endothelium and nonvascular tissue surrounding the aortic vessel (15) or due to an incomplete knockout of ␣ 2 in vascular smooth muscle. In addition, we estimated an ϳ90% reduction in expression of ␣ 2 in the heart. To determine if the reduced expression of ␣ 2 observed in the heart results from leaky expression of the SM22␣ Cre in cardiac myocytes, qualitative and quantitative PCR was performed on cDNA prepared from isolated cardiac myocytes. We determined that mRNA expression of ␣ 2 in isolated knockout cardiac myocytes is reduced by Ն60%, indicating leaky expression of the SM22␣ Cre and hence deletion of ␣ 2 in cardiac myocytes. Taken together, these results demonstrate that we have generated a specific knockout of ␣ 2 in the cardiac myocytes and vascular smooth muscle of the cardiovascular system.
Surprisingly, in contrast to the basal hypertension observed with the global germline deletion of one copy of ␣ 2 (␣ 2 ϩ/Ϫ ; Ref. 35) , the basal blood pressure of the cardiac myocyte and vascular smooth muscle knockout mice is normal. Cardiac and vascular contractility was also unaltered in the knockout mice. Taken together these data indicate that expression of ␣ 2 in cardiac myocytes and vascular smooth muscle does not participate in the regulation of basal blood pressure, and further suggest that ␣ 2 in another cell type is responsible for the hypertension observed in global ␣ 2 ϩ/Ϫ mice. Previous studies (16, 19, 36) have demonstrated that increased levels of endogenous ouabain in the brain increase activation of the reninangiotensin system, contributing to the development of hypertension. The increased endogenous ouabain would inhibit the brain ␣ 2 , resulting in an increased concentration of Na ϩ in affected cells of the brain. It might be predicted therefore that the ␣ 2 ϩ/Ϫ mice would exhibit an increased brain Na ϩ concentration, mimicking ouabain inhibition, and therefore exhibit increased activation of renin-angiotensin system leading to hypertension. It is further possible that neuronal expression of ␣ 2 in the brain is required for basal regulation and maintenance of blood pressure.
Previous studies (32) demonstrate that in vivo ACTH administration, at doses similar to ours, results in a 1.5-fold increase in the concentration of circulating plasma ACTH in rats. In addition, we have previously reported (10, 11 ) that these doses result in a 2.5-fold increase in the concentration of circulating plasma endogenous cardiac glycosides in mice and therefore represent a stress on the mice. ACTH treatment results in a significant elevation of MAP, that is associated with changes in cardiac output and total peripheral resistance (13, 27, 32, 33) . Interestingly, the cardiac myocyte and vascular smooth muscle knockout mice fail to develop hypertension in response to the stress of ACTH administration, following 5 days of ACTH treatment. These data suggest that expression of ␣ 2 in cardiac myocytes and vascular smooth muscle is required for regulation of SBP in response to stress, such as an increased release of endogenous cardiac glycosides in response to ACTH administration.
The increased release of endogenous cardiac glycosides in response to ACTH administration would bind the ␣ 2 in cardiac myocytes and vascular smooth muscle in wild-type but not in the knockout mice. The binding of cardiac glycosides to ␣ 2 results in two possible outcomes: 1) inhibition of ␣ 2 results in an increase in the intracellular concentration of Ca 2ϩ (10, 17) , or 2) activation of Src signaling cascades through ␣ 2 (2) . Either outcome could explain the increase in SBP observed in wildtype mice with ACTH treatment. However, lack of basal hypertension in the cardiac myocyte and vascular smooth muscle knockout mice favors signaling as the foundation for hypertension. The knockout of ␣ 2 is expected to mimic ouabain inhibition of the ␣ 2 in cardiac myocytes and vascular smooth muscle and therefore alter basal Ca 2ϩ levels. Consequently, it is likely that cardiac glycoside binding to ␣ 2 activates Src signaling cascades in the wild-type mice, which serve to regulate blood pressure under stress, such as ACTH administration.
In summary, the present data provide evidence that the cardiovascular expression of ␣ 2 in cardiac myocytes and vascular smooth muscle is not required for basal regulation of blood pressure. However, the cardiovascular expression of ␣ 2 in cardiac myocytes and vascular smooth muscle was found to play a pivotal role in the modulation of blood pressure in response to ACTH-induced hypertension. These data support the hypothesis that the minor ␣ 2 -isoform plays a regulatory role in cardiovascular function in response to stress.
